Two maize hybrids were grown under growth chamber conditions on solution or vermiculite medium that contained 2.5, 7.5, or 15 millimolar nitrate. The objectives were to determine: (a) the effect of nitrate supply on N metabolism and growth and (b) the interrelationship between nitrate uptake, flux, and reduction on the accumulation of reduced N and nitrate by the various plant parts and for the whole plant.
Increases in nutrient nitrate concentration caused increases in (a) shoot, but not root, dry weight and (b) nitrate uptake, flux, and reduction and accumulation of nitrate and reduced N by the aerial plant parts of both hybrids. Increases in nitrate supply resulted in decreases in nitrate reductase activity and negligible increases in reduced N in the roots of both hybrids. At 2.5 and 15 millimolar, but not at 7.5 millimolar, external nitrate, hybrid B had higher rates of nitrate uptake and flux. Hybrid B also had lower nitrate reductase activity at all levels of external nitrate and accumulated less reduced N than did hybrid C, except when the plants were grown at 2.5 millimolar nitrate. Correlation values between nitrate uptake and flux were significant for each hybrid and for both hybrids, whereas correlations between nitrate reductase activity and flux and nitrate reductase activity and uptake were significant only for a given hybrid. The correlation values (pooling of all data) between (a) nitrate uptake, flux, or reduction and the accumulation of reduced N by the whole plant, and (b) flux x nitrate reductase activity and accumulation of reduced N were all positive and statistically significant. Because nitrate uptake, flux, and reduction (as measured) were all closely associated with the accumulation of reduced N by the plant, all three parameters should be nmeasured in attempts to estimate the genetic potential of a maize genotype to accumulate reduced N.
Current estimates show that more than two-thirds of the edible dry matter and half the protein produced in the world are contributed by the cereal plants (9) . The increased use of N fertilizer has been a significant factor in increasing productivity of these crops, especially maize (10) . Because the energy required for fertilizer N is costly (5) , there is an obvious need for knowledge of the effects of external N supply on the factors affecting nitrate assimilation and plant growth. Studies with wheat where nitrate was not limiting have shown that NRA3 (integrated over time with samples representing the entire leaf canopy or plant) was highly correlated (r in excess of +0.9*) with the actual accumulation of reduced N (2, 6) . With field-grown wheat (cv. Arthur) provided with varying amounts of fertilizer N, the correlation between NRA (integrated over time for the leaf canopy) and the increase in reduced N (total shoot) were initially high (r = 0.894*) but decreased with successive samplings during vegetative development (8) . When six fieldgrown maize hybrids were supplied with varying amounts of fertilizer N, Deckard et al. (7) found that NRA (integrated in vitro seasonal level of the leaf canopy) accounted for only 35% of the variability in reduced N accumulated by the above ground vegetation, grain, or vegetation plus grain at maturity. Differences in nitrate uptake (4, 13, 24) , nitrate accumulation (4, 11, 12) , and distribution of NRA (16) have been observed among maize genotypes. Other studies (10, 19, 22) indicate that nitrate uptake and flux and the availability of reductant, as well as NRA, affect the assimilation of nitrate. It is probable that the accumulation of reduced N in response to N fertility is a function of all of these parameters.
The objectives of the study here were to determine: (a) how variations in external nitrate supply affect uptake, flux, and accumulation of nitrate, NRA, plant growth, and accumulation of reduced N; and (b) if accumulation of reduced N can be related to uptake, flux, accumulation, or reduction of nitrate.
MATERIALS AND METHODS
Plant Culture. Maize kernels (Zea mays L.) hybrids C123 x B 14A (hybrid C) and B37 x H96 (hybrid B) were germinated and the seedlings were subsequently grown hydroponically or in vermiculite (pans) as previously described (19) . For both studies, the treatment was variation in nitrate supply (2.5, 7.5, and 15 Assays. The methods for measurement of NRA, N components, xylem exudate, and transpiration were as described (19) . Average values of the three samples were used for each observation in calculation of correlation values.
RESULTS AND DISCUSSION
Dry Weight Accumulation. The effect of increased nutrient nitrate on dry weight accumulation of the whole plant or plant parts was nearly identical for both hybrids (Table I ). Similar changes of dry weight in response to increases in N supply have been observed with maize (23) and other plant species (15, 17) . Such data show that availability of external nitrate has a major effect on shoot growth.
Because shoot, but not root, growth was increased in response to added nitrate, the increase in shoot to root ratio was essentially a reflection of the increase in shoot growth. The differential growth response of shoot and root to added nitrate has been observed with other plant species (15, 18, 21, 23, 26) . One possible explanation for this response is that the increase in nitrate supply increases nitrate assimilation in the shoot and carbohydrate levels in the plant are decreased (18) . Because the shoot is a more effective competitor than the root for photosynthate, shoot growth exceeds root growth.
Nitrate Uptake, Flux, and Accumulation. The profiles of nitrate uptake and flux and nitrate concentration in the xylem exudate as a function of nitrate supply were similar for both hybrids (Fig. 1 ). Because transpiration rates (ml g-1 total fresh leaf weight h-') were comparable for all measurements, nitrate flux values reflect the nitrate concentrations of the xylem exudate.
By extrapolation of the curves back to zero nitrate supply, the uptake patterns ( Fig. 1) are indicative of saturation kinetics as previously reported for excised maize roots (14) . Km values were not estimated for nitrate uptake because of the limited number of observations and the confounding effects of nitrate flux.
When the plants were supplied with 2.5 mm nitrate, hybrid B was more effective in absorbing and transporting nitrate than was hybrid C. Because both hybrids had equal root mass, these data indicate that differences in root morphology and/or uptake mechanisms may account for the different uptake rates. At 7.5 mm nitrate, both hybrids had identical rates of uptake and flux, in (Table II) .
Allowing for experimental variation, the increase in accumulated nitrate was linear or near linear for leaf blades and midribs and roots in response to increased nitrate supply. In contrast, the accumulation of nitrate by the stalks was nonlinear (parabolic like).
Of the four plant parts, the nitrate concentration of the roots was least affected by the increased nitrate supply. The 6-fold increase in nutrient nitrate caused only a 13 to 14% increase in root nitrate. Hybrid B had higher concentrations of nitrate in the roots than did hybrid C at 2.5 and 15 mm, but not at 7.5 mM, external nitrate, which is similar to the effect of nitrate supply on nitrate uptake. The lack of difference in uptake rates and root nitrate concentrations between the hybrids when grown on 7.5 mM nitrate were also observed in a previous study ( 19) . The differences in root nitrate concentrations between the hybrids at 2.5 and 15 mM nitrate (Table II) indicate that genetic traits as well as external nitrate supply could affect root nitrate concentrations.
The accumulation of nitrate in the various aerial parts (Table  II) was numerically related to rates of nitrate flux (Fig. 1) . Considering mean values (six observations) for both hybrids, the correlation values (r) between nitrate concentration and nitrate flux rates were +0.61, +0.88* *, and +0.91* * for leaves, midribs, and stalks, respectively. Differences in leaf NRA levels would have a more direct effect on nitrate concentrations in the leaf blades and midribs than on the stalk nitrate.
NRA. Increases in the external nitrate supply resulted in increases in leaf blade NRA of both hybrids (Fig. 2) , as expected, because NR is substrate-inducible (1), and the level of activity is associated with nitrate flux (22) . Hybrid C had more NRA as measured by both in vivo and in vitro assays than hybrid B for all three nitrate treatments. Although the in vitro activity was 5 to 6 times greater than the in vivo activity, its response to nitrate supply was similar to that of the in vivo activity, especially for hybrid B. We infer that the increase in in vivo activity reflects an increase in amount of enzyme rather than an increase in reductant (energy) supply (1) .
Hybrid C had higher leaf blade NRA than did hybrid B for all nitrate treatments (Fig. 2) , as was previously reported for 25-dayold plants (19) . In contrast, hybrid C had lower rates of nitrate uptake and flux than did hybrid B, except at 7.5 mm nitrate (Fig.  1) . Assuming that nitrate flux regulates the level of NRA (19) , these results indicate genetic differences in the requirement for nitrate (flux) for induction and/or maintenance of the enzyme. The correlation values (r) between nitrate flux ( Fig. 1 ) and in vivo NRA (Fig. 2) were +0.84 for hybrid B, +0.99 for hybrid C, and +0.52 for both hybrids. These correlation values are consistent with the conclusions that, for a given maize genotype, nitrate flux regulates NRA (22) but that a given flux rate will not result in the same amount of NRA among genotypes (19) .
The two hybrids did not differ in root NRA, although hybrid C had higher average values than did hybrid B, especially at 2.5 mm nitrate (Fig. 2) . For both hybrids, root NRA decreased with increased external nitrate, as was previously observed with cotton (18) and peas (25) . Whether the decrease in root NRA reflects a lower level of NR (25), a lack of reductant (18) was not investigated. Reduced N Accumulation. The reduced N (mg g-' dry weight) in the shoots of both hybrids increased with increased nitrate supply (Fig. 3) . For hybrid B, the increase in reduced N was linear or near linear, as was the increase in NRA (Fig. 2) and in nitrate uptake and flux (Fig. 1) . For hybrid C, the increases in all of these parameters was less linear and more parabolic in response to increases in nitrate supply.
A possible explanation for the lower level of shoot-reduced N in hybrid C than in hybrid B at 2.5 mm nitrate (Fig. 3) is that the flux of nitrate in hybrid C is inadequate to meet the substrate requirements of the NR. The ratio of nitrate uptake to flux for hybrid C was higher at 2.5 mm nitrate than for hybrid B (Fig. 1) . At the higher concentrations of nutrient nitrate, the ratio values were more comparable.
Collectively, these data provide some evidence that accumulation of reduced N by the shoot is influenced by both nitrate flux and NRA. (Table I ) and the increase in the shoot and decrease in the root NRA (Fig. 2) In response to increased nitrate supply, the increase in concentration in reduced N of the roots of both hybrids was linear and limited relative to that of the shoots (Fig. 3) . The roots of the two hybrids did not differ in reduced N concentrations, although hybrid B had slightly higher average values than did hybrid C, especially at 2.5 mm nitrate. The higher rate of flux for hybrid B than for hybrid C (Fig. 1) Fig. 1 ). If the in vivo NRA is a reasonable reflection of in situ reduction, the decrease in NRA (Fig. 2) , could indicate that less reduced N is exported to the shoot with increase in nitrate supply. With cotton, Radin (17) found that reduced N was transported from shoot to root as nutrient nitrate level was increased.
Whole Plant Comparisons. The close relationships previously noted among these various parameters when the values were expressed on a per unit weight basis were also found when the values were expressed on a per plant basis (Table III) . The correlation equation between reduced N (whole plant) and NRA (shoot plus root) was y = 0.267x -1.63. The negative intercept value would indicate that the in vivo activities of the root and shoot are overestimating the in situ nitrate reduction as measured by the accumulation of reduced N by the whole plant. The correlation value (r) between reduced N (whole plant) and shoot NRA was +0.926* * (both hybrids) and that between reduced N (whole plant) and root NRA was -0.678. The respective equations were y (red N) = 0.249x + 1.28 and y = -1.62x +21.20. Our tentative interpretation of these last two equations is that the shoot assumes an increasing, and the root a decreasing, role in supplying reduced N to the entire plant as nutrient nitrate is increased. At the onset of the growing season, 15 mm nitrate would be an average level of nitrate in fertile fields used for corn production.
The total N (nitrate plus reduced N) of the hybrid B plant was greater than that of hybrid C at 2.5 and 15 mM nitrate, but not at 7.5 mm nitrate (Table III) . These patterns of N accumulation are consistent with the rates of nitrate uptake (Fig. 1) .
If flux of nitrate is the only factor that affects the accumulation of reduced N by the plant, hybrid B should have accumulated more reduced N than did hybrid C. Hybrid B had higher reduced N only when the plants were grown at 2.5 mm nitrate (Table III) .
At 7.5 mm nitrate, where nitrate flux rates were comparable, hybrid C, with its higher level of NRA, accumulated significantly more reduced N per plant than did hybrid B. We concluded that both flux and NRA levels are factors affecting accumulation of reduced N.
Vermiculite Experiment. This experiment was designed to show the relationship between the input of reduced N as estimated by leaf-blade NRA and the actual accumulation of reduced N by the (2, 6) . With Vermiculite-grown plants, leaf-blade NRA of hybrid C was higher than that of hybrid B at all nitrate levels and all harvests (Fig. 4) . All NRA were similar to the values obtained with samples from plants of comparable age grown on nutrient solution (Fig. 2) . The average concentration of shoot reduced N of the vermiculite-grown hybrid C was lower at 2.5 and higher at 7.5 and 15 mm nitrate than for hybrid B, at all sampling dates. With plants of comparable age similar patterns of reduced N had been found with nutrient solution-grown plants (Fig. 3) . However, the Vermiculite-grown plants of both hybrids had lower concentrations of reduced N than did the 25-day-old plants grown on nutrient solutions. This difference is attributed to growth dilution of N as the vermiculite-grown plants were more vigorous and larger and/or that the vermiculite medium supplied less nitrate (19) .
Data of Figure 4 , recomputed as ,umol N/shoot, were used to calculate the correlation values between estimated input of reduced N (NRA activity) and actual shoot reduced N, as was done previously with wheat (8) . The average NRA (recomputed as tmol shoot-' leaf canopy h-' from data of Fig. 4 ) was obtained by summing the three values of the first (12-day) and second (17-day) harvest and dividing by 2. A second set of three values was obtained for the second and third harvest. Estimated input for the time intervals between harvest were calculated by multiplying average NRA by the total photoperiod (h) between the harvest periods by a diurnal factor (0.97). The factor was estimated from data previously published (19 (8) .
We conclude that the in vivo measurement of leaf NRA provides a reasonable estimate of the ability of these maize hybrids to accumulate reduced N in the shoot during vegetative development under growth chamber conditions. These two hybrids had similar growth characteristics at all levels of nitrate and comparable rates of nitrate uptake and flux, except when grown at 2.5 mM nitrate.
The work presented here constitutes a part of an ongoing program designed to identify biochemical and physiological traits that can be used to select maize genotypes that are highly productive under field conditions. The study presented here and two others (19, 20) (20) . Is this shift in ranking, with respect to NRA, with plant development due to the inability of the roots of hybrid C to supply nitrate to the plant during the postanthesis period? With respect to the ultimate selection criterion used by the plant breeder (grain yield), under field conditions in 1978, the yields of these two hybrids were nearly identical, although hybrid B had accumulated more reduced N by anthesis than did hybrid C. Over a 3-year period (1975, 1976, and 1978) , the average yield of hybrid B exceeded that of hybrid C by 12.6 quintals/hectare.
A typical lead was the observation that hybrid B is apparently more efficient than hybrid C in absorbing nitrate when nitrate supply was low (2.5 mM). If one assumes that soil nitrate levels decrease and are low during the postanthesis period, this higher efficiency of uptake of hybrid B may explain how hybrid B maintained a higher level of plant nitrate and a higher level of NRA than hybrid C during grain development (20) . Altematively, it is possible that pattems of root senescence of the two hybrids differed. The possibility of genetic differences in nitrate uptake efficiency needs to be investigated with these and other hybrids.
